Introduction
in recent years, there is a growing need to control the quality of foods and drinks, especially of juices, for the presence of phenolic compounds. Another important monitoring target is wastewater from different industries. For this purpose it is necessary to design sensitive and selective methods for detecting phenols and controlling their levels in the tested targets (3, 6) .
there are spectrophotometric and chromatographic methods developed for detecting phenolic compounds. enzyme biosensors are a potential alternative to these methods. A number of biosensors have been designed for detecting phenols by immobilization of tyrosinase; among them the amperometric, potentiometric (28) and optical sensors (1, 8) are prevailing.
tyrosinase (polyphenol oxidase, PPo, monophenol monooxygenase, dihydroxy-l-phenylalanine:oxygen oxidoreductase, e.c. 1.14.18.1) is a copper-containing enzyme which catalyzes the oxidation of different phenolic substrates in sequential steps (5, 9, 22) . tyrosinase contains about 13 % carbohydrate residues (10) , and peroxidase (hRP) about 18 % (20) , which allows an effective covalent immobilization to be conducted by prior activation of these residues. Binding via the carbohydrate part helps to manage the obstructive and blocking effects on the active catalytic center of the enzyme (29) . the hybrid materials obtained by the sol-gel method are effective carriers of biological molecules (enzymes, cells, amino acids, etc.) employed in the construction of biosensors (7) . Depending on the precursor (Sio 2 , tio 2 , Sno 2 , etc.) introduced in the system, the matrices obtained by the solgel technology possess different physical and mechanical properties. these multifunctional materials are used in different fields, including in the construction of chemical and biological sensors, in optics and catalysis (12, 18, 21) .
the main organic elements in the hybrid materials are different natural and synthetic polymers such as cellulose derivatives (23) , chitosan (2), gelatine (19) , polymethylmetacrylate, polyvinyl alcohol, etc. (13) . Depending on the type of the precursor, the organic component, the condition of synthesis and drying, materials with controllable size of the pores and varied plasticity can be synthesised (24) . the aim of this study was to covalently immobilize and co-immobilize peroxidase and tyrosinase on different hybrid membranes and to determine their catalytic properties. acetate propionate with low molecular weight (cAP/l), ~25 000 and 15 000, respectively, from Sigma-Aldrich; polyacrylamide-polyacrylonitrile copolymer was provided by the Biotechnology Department of UCTM, Sofia, Bulgaria; dimethyl formamide (DMF) from Merck.
Synthesis of hybrid membranes by the sol-gel method two groups of hybrid materials were synthesised by the solgel method with the participation of the silica precursors etMS and MteS. cellulose acetate propionate with low (cAP/l) and high (cAP/h) molecular mass were used as the organic component of the system. A third component was included in the system as a carrier of active groups for covalent immobilization, namely, a polyacrylamide-polyacrylonitrile copolymer. the precursors were hydrolysed in methyl alcohol for etMS and ethyl alcohol for MteS. Dimethylformamide was used as a solvent of the organic component. the quantities and components for the synthesis and the conditions were as previously described (25) . they are presented in Fig. 1 .
Oxidation method for tyrosinase and peroxidase oxidation of the carbohydrate residues of tyrosinase was done with periodic acid according to Zaborsky and ogletree's (29) method (0.04 mmol/l in 0.05 mmol/l acetate buffer, ph 5.0, in the dark). the oxidized enzyme was dialysed in a dialysis membrane from Serva, Germany, by submerging for 24 h in 50 mmol/l phosphate buffer with ph 6.0. Covalent immobilization of peroxidase and tyrosinase on hybrid membranes the immobilization of peroxidase (tyrosinase) was carried out in the following sequence: 1.0 g of the hybrid membranes was added to 20 ml of the oxidized dialysed solution of peroxidase (tyrosinase). immobilization was done under continuous stirring for 24 h at 4 °c.
Determination of enzyme activity and content of protein
Peroxidase activity was determined spectrophotometrically at λ = 460 nm with H 2 o 2 substrate according to the method described in the Sigma protocol. tyrosinase activity was determined against the L-tyrosine substrate at λ = 280 nm according to the description in the Worthington Manual. the reaction mixture containing tyrosinase was aerated with Vortex, Boeco. the enzyme activity of tyrosinase was determined with a spectrophotometer with optical fibres (AvaSpec, Avantes, USA) at λ = 280 nm for 10 min. One unit of tyrosinase activity was determined as the enzyme quantity which converts 1 μmol/L of L-tyrosine for 1 min at 25 °C and pH = 6.5. l-DoPA was used as a substrate for determination of oxygen consumption by the peroxidase-tyrosinase multienzyme system. the total protein content in the immobilized enzymes was determined by the Lowry (11) modified method using bovine serum albumin as a standard.
pH and temperature optimum ph optimum, residual activity of free immobilized peroxidase was determined at ph values from 4.5 to 7.0. the temperature optimum and residual activity depending on the temperature for free immobilized peroxidase was determined in the range from 25 °c to 45 °c. Analogically, the residual activity of free immobilized tyrosinase was determined at ph from 5.0 to 8.5 and in a temperature range from 25 °C to 45 °С.
Determination of K m
the kinetic parameters of the free and immobilized peroxidase and tyrosinase were determined. the kinetic parameters of the different membranes used for immobilization were compared with the parameters of the free enzyme. the Michaelis-Menten (K m ) constant of the enzymes was calculated.
Construction of an optical biosensor for detecting the consumption of oxygen (%) to measure the oxygen consumption, an oxygen electrode from Avantes, Germany, was used. the membranes with the best parameter were prepared by the method of spin coating, headway Research inc., USA, at 2000 rpm and 100 s of drying. on the membranes obtained in this manner, co-immobilization of peroxidase and tyrosinase was done under continuous stirring for 24 h at t = 4 °C ( Table 1 and Table 2 ).
Results and Discussion
two groups of hybrid membranes were synthesised: mechanically resistant plastic and transparent, which is a necessary condition for the experiment.
the conditions of oxidation of the carbohydrate residues were selected in such a manner that the enzyme activity is maximally preserved, on the one hand, and, on the other, sufficiently reactive groups are obtained. If higher concentrations of the oxidising reagent are applied, there is a risk of activity loss (29) . the possibility to construct an optical biosensor was examined while binding the two enzymes to the hybrid membranes.
the covalent binding of the enzyme to a polyacrylamidepolyacrylnitrile copolymer is effected between the amide groups of the copolymer and the oxidized carbohydrate residues of the enzyme. this method was applied in previous research as well. the advantage of the method is that immobilization does not change the conformation of the enzyme molecule and binding always takes place outside the active centres (27) . the catalytic properties of hRP and tyrosinase on the different membranes are presented in Table 1 and Table 2 .
Immobilization of HRP and tyrosinase on membranes obtained by the sol-gel method
Catalytic properties of free and immobilized tyrosinase A comparison was made of the catalytic properties of the immobilized enzymes on hybrid membranes containing ЕТМS and MteS cAP/l or cAP/h. the membranes containing etMS showed better results, which coincides with the literature data (16) . The experiment also confirmed that the inclusion of cellulose acetate propionate in the hybrid membranes is more favourable than the inclusion of cellulose acetate butyrate used by Murtinho (14) . the kinetic parameters of the enzyme immobilized on different membranes were compared with the parameters of the free enzyme. the values for the free and immobilized enzyme were determined for the l-tyrosine substrate at a concentration of 0.8 mmol/l to 8 mmol/l. the values obtained for K m were found to vary between 0.5×10 (4) (Fig. 2) . the results showed that the ph optimum of the immobilized peroxidase is preserved and a shift is observed only with ETMS/L to рН = 6.5. For the immobilized enzyme a broadening of the optimum was observed, which coincides with the results of previous research by other authors (26) .
in examining the ph dependencies, the changes of the optimums appeared to be not only due to the type of the matrix but to the type of the substrate as well (5, 8, 16) . For l-tyrosine as a substrate the ph optimum of tyrosinase is 7.5. other authors (8, 15) who studied the ph optimum of tyrosinase with different substrates and found values of pH = 6.0 for catechol, of pH = 5.0 for chlorophenol, of pH = 5.5 for r-cresol, of pH = 7.0 for phenol. The activity of the tyrosinase can be modulated by adding organic solutions such as isopropanol etc. (17) . This makes it possible to achieve high specific and residual enzyme activity in a desired range of ph (Fig. 3) . 4 the results from the examination of the ph optimum of tyrosinase showed that the optimum is preserved at etMS and MteS with cAP/l and shifting of the optimum to 7.0 occurs for ETMS and MTES with CAP/H towards pH = 7.0, which coincides with the data reported by Apetrei et al. (3) . the curves representing the optimum are wide and demonstrate a relatively high residual activity of the immobilized enzyme in a wide range of ph (Fig. 4) . On examining the temperature optimums and the influence of the matrix on the stability of the enzyme, the results indicated a more stable behaviour of the enzyme in a system containing cellulose acetate propionate with high molecular weight (CAP/H). The temperature profile obtained for the immobilized tyrosinase coincided with the one described by tunkagil et al. (19) .
Multienzyme system HRP/tyrosinase
For the construction of a biosensor, peroxidase and tyrosinase were immobilized onto different membranes. this procedure significantly increases the sensitivity of the sensor, broadens the linear range and demonstrates lower levels of detecting the target compound. the combination of hybrid membranes and co-immobilization allows constructing a sensor with better characteristics of its analytic activity.
A hybrid membrane based on MteS was cast by the method of spin coating. co-immobilization of tyrosinase and hRP was carried out. An optical biosensor with oxygen electrode was constructed to measure oxygen consumption relative to l-DoPA as a substrate. the membrane is homogeneous, transparent and 200 nm wide. the data are presented in Fig. 5 . the results from the measurements showed that the sensor works at low concentrations of the substrate. the characteristics of the membrane have an effect on the characteristics of the biosensor -the distribution of the bound enzyme and the thickness, which are the main factor for the oxygen gauge to function fast. the high percentage of oxygen consumption at low substrate concentrations and the stability of the reaction over time yield promising results for detection of phenol derivatives. the obtained results were compared with the results of other authors performing amperometric measurements with oxygen electrode, which turned out to be analogical (17) . With small changes in the substrate concentration, the indicators of oxygen consumption change fast.
Conclusions
in order to construct an optical biosensor, membranes were synthesised with participation of different silica precursors and covalent immobilization was performed. the analysis of the enzymes immobilized on the different membranes showed a little change in ph optimums and the temperature optimums compared to the characteristics of the free enzymes. the present research showed that the best membranes with the highest relative activity are (etMS/h -50.9 %) for hRP and (MteS/h -80.1 %) for tyrosinase. A better immobilization on matrices containing CAP/H was observed. The efficiency of immobilization depends on the type of the cellulose derivatives, when the other conditions are identical. the constructed optical biosensor based on co-immobilized enzymes demonstrated excellent operational parameters: a wide linear range of activity, short response time, and a good display of the results. this biosensor can be potentially applied in the analysis of food and in the monitoring of the environment.
